Assessing the genetic variation and distribution of immune genes across heterogeneous environmental conditions in wild species is essential to further our understanding of the role of pathogen pressure and potential resistance or prevalence in hosts. Researchers have recently investigated β-defensin genes in the wild, because their variability suggests that they may play an important role in innate host defense. This study investigated the variation occurring at 6 innate immune genes of the β-defensin family in a declining population of tree swallows (Tachycineta bicolor) in southern Québec, Canada (N = 160). We found that all 6 genes showed synonymous and nonsynonymous single nucleotide polymorphisms (SNPs) within the exon coding for the mature peptide. These results indicated that this group of genes was diverse in tree swallows. Our results suggested a potential interaction of this group of genes with fluctuating pathogen diversity, however, we found no sign of positive or negative selection. We assessed whether or not the distribution of genetic diversity of β-defensin genes in our study population differed between 2 regions that strongly differ in their level of agricultural intensification. Adults are highly philopatric to their breeding sites and their immunological responses differ between these 2 regions. However, we found little evidence that the level and distribution of genetic variability differed between these heterogeneous environmental conditions. Further studies should aim to assess the link between genetic diversity of β-defensin genes and fitness-related traits in wild populations.
Selective pressures imposed by pathogens are important forces maintaining high variability in clusters of immune genes (Hill 2006) . The observed functional allelic variation in immune genes is both a cause and a consequence of host-pathogen co-evolution. Evolution is especially likely to occur when peptides produced by immune genes interact directly with pathogen derived molecules, and positive or balancing selection is observed (Tennessen 2005; Hill 2006; Cheng et al. 2015) . In wild populations, the major histocompatibility complex (MHC) is the most studied group of immune genes (Bernatchez and Landry 2003) , and this cluster of genes is mainly involved in adaptive immune responses (Klein 1986) . Variability in adaptive genes is important as it allows adjustment of the host population to pathogens (Bernatchez and Landry 2003) . Yet, it is the innate immune system that provides the first line of defense during an immune challenge (Delves et al. 2006) .
Researchers have less often investigated the allelic variability of genes involved in innate immune responses and their relation to pathogen resistance than they have for MHC genes. Nonetheless, some innate immune genes have been linked to disease susceptibility, including Toll-like receptor genes (Novak 2014) and genes coding for the different families of defensin peptides (Jurevic et al. 2002; Luenser and Ludwig 2004) . β-defensin genes are part of a cluster of innate immune genes found in vertebrates. They code for cationic peptides that have antimicrobial activity, and they are produced by immune and epithelial cells (Lehrer and Ganz 2002) . Researchers have identified single nucleotide polymorphisms (SNP) in β-defensin genes among and within species (Boniotto et al. 2003; Luenser and Ludwig 2004; Hellgren and Ekblom 2010) . For example, found that the variability of SNPs at β-defensin genes and their resulting peptides had different effects on antimicrobial activity in vitro. Allelic variability of SNPs at β-defensin genes was also shown to affect disease susceptibility in humans (Baroncelli et al. 2008) . Although researchers have begun to study the variability present at β-defensin genes in several species (Hellgren 2015; Chapman et al. 2016; Gilroy et al. 2016) , there is little information regarding their allelic variability in wild populations. Researchers should be cautious not to extrapolate genetic variation from one species to another species, as different species differ in their evolutionary history (e.g., Gilroy et al. 2016) . Investigating allelic variation at β-defensin genes in species showing different life-history traits should bring insights on host-pathogen interactions and potential consequences of different/similar selective pressures on immune system evolution.
When studying genetic variation and potential selective pressures in wild populations, it is important to consider ecological factors that may shape the spatial distribution of alleles (Manel et al. 2003; Wang and Bradburd 2014) . Landscape genetics has provided several research advances by integrating ecological information with spatial and genetic data (Manel et al. 2003) . For example, habitat characteristics may affect the genetic structure of populations, by influencing movements of individuals and gene flow between populations leading to nonrandom distribution across landscapes (Sork et al. 1999; Garant et al. 2007 ). Considering factors affecting population structures is especially important for the conservation of declining or endangered species threatened by human activities (Ariani et al. 2013) . One important anthropogenic factor impacting wild bird populations is the agricultural intensification that occurs on different continents. This phenomenon translates into reduced crop diversity, increased use of fertilizers and pesticides, and increased harvest frequency and plantation density (Tscharntke et al. 2005; Donald et al. 2006; Karp et al. 2012) . Agricultural intensification is suspected as being, at least partly, responsible for large-scale bird population declines (Donald et al. 2001; Murphy and Moore 2003) . Among various bird guilds between 1970 and 2010 in Canada, the greatest rate of population decline was seen in aerial insectivorous birds (NACBI 2012). Nebel et al. (2010) pinpointed agricultural intensification as the most likely cause of such a decline.
In this study, we measured the genetic variability at 6 β-defensin genes in a wild population of tree swallows (Tachycineta bicolor) in southern Québec, Canada. We then assessed whether or not the genetic diversity of β-defensin genes differed between 2 vast regions with contrasting levels of agricultural intensification. Tree swallows are aerial insectivorous birds and obligate cavity nesters. During nestling growth, aerial insect abundance is usually lower and decreases more rapidly in intensive than nonintensive farmlands in our study population (Paquette et al. 2013 ), a pattern that could potentially explain the lower fledging success we observed in intensive farmlands (Ghilain and Bélisle 2008) . In tree swallows, agricultural intensification was shown to have an impact on neutral genetic diversity and to generate a nonrandom distribution of individuals across our study system, as individual internal relatedness was lower in intensive farmlands (Porlier et al. 2009 ). More recently, a study using functional genes related to reproduction phenology showed that female tree swallow genotypes were nonrandomly distributed across our study system (Bourret and Garant 2015) . Longer genotypes were more frequently found to the east of the study area (Bourret and Garant 2015) , where nonintensive farmlands dominate (Ghilain and Bélisle 2008) . If variability at β -defensin genes is related to the genetic structure found at other neutral and functional genetic markers, we expect that genetic variability at innate immune genes is not homogenously distributed throughout our study system. Previous studies have found a link between agricultural intensification and the immune responses of breeding tree swallows in our study system (Pigeon et al. 2013; Schmitt et al. 2016) . Adult female response to phytohemagglutinin (PHA) declined with agricultural intensification (Pigeon et al. 2013) . Adult constitutive innate immune function was lower in intensively cultivated landscapes than in nonintensive landscapes (Schmitt et al. 2016 ). As β -defensin genes may be involved in those immune responses, we expected the spatial distribution of genotypes to be linked with agricultural intensification levels, especially given the strong nest site fidelity shown by adults in our study system (Lagrange et al. 2014 ).
Methods

Study System and Blood Sampling
We sampled adult tree swallows from a wild population that was breeding in southern Québec in 2013 and 2014. This population has been intensively monitored since 2004 using a nest-box network located on 40 farms (10 nest boxes per farm) over an area covering approximately 10 200 km 2 (Ghilain and Bélisle 2008) . We selected a subsample of 10 farms located in contrasted habitats: 6 located in the western part of the study area and characterized by high coverage of intensively cultivated cash crops (e.g., corn, soybean, and other cereals), and 4 located in the eastern part of the study area and dominated by dairy farming (e.g., hayfields, pastures, and fallows) (Figure 1) . A total of 76 and 84 breeding adults were captured in intensive and nonintensive farmlands, respectively during 2 breeding seasons (N = 71 individuals in 2013 and 89 in 2014). A blood sample was collected from the brachial vein of each individual on a filter paper (Qualitative P8 grade, Fisher Scientific). Samples were air dried and stored until laboratory analyses were performed. We used salt to extract DNA (Porlier et al. 2009 ). The DNA concentration from extracted samples was determined by migration on 1% agarose gel.
Primer Design
We first located AvBD genes of tree swallows using 9 primers which were developed for several bird species by Hellgren and Sheldon (2011) . These primers were designed to amplify the third exon of β -defensin genes, which codes for a part of the propiece and a major part of the mature peptide (van Dijk et al. 2008) . We verified that tree swallow sequences presented the β-defensin characteristic motif of cysteines (van Dijk et al. 2008 ) using BioEdit (Hall 1999) . After obtaining partial sequences of AvBD genes, we designed new primers to capture extended AvBD sequences, as we needed both forward and reverse full sequences to assess the presence of SNPs in both parts. We did so by sequencing the genome of the tree swallow species.
We prepared a library of inserts from the gDNA of the breast muscle of a male tree swallowwhich recently diedin the study site using a SPARK DNA Sample Prep kit (Enzymatics). We selected fragment sizes that ranged from 330 to 580 bp by electrophoresis blue pippin on a 1.5% agarose gel. These fragments were amplified by qPCR with IGA-PCR-PE-F and TruSeq-b01 primers. To confirm the length of the final library, we analyzed it with a DNA high sensitivity bioanalyzer (Agilent Technology, Inc.). The library was sent to the Innovation Centre of McGill University, Génome Québec, in order to sequence the tree swallow genome with Illumina next-generation sequencing technology using MiSeq instrument. We obtained 5.8 Gb of data (19 348 433 reads). We first used FLASH 1.2.8 to combine short reads into longer reads and CutAdapt v1.3 to remove the adaptors from the reads used during the sequencing (Magoč and Salzberg 2011; Martin 2011) . Sequencing errors were removed from the reads based on the score quality of each base with ConDeTri v2.2 (Smeds and Künstner 2011) . We computed names, sequences of the reads and the quality score of each base to be able to use Newbler version 2.6 as an assembler, which we used with and without genome references from collared flycatcher (Ficedula albicollis) and ground tit (Pseudopodoces humilis) (Margulies et al. 2005; Ellegren et al. 2012; Cai et al. 2013) . The combination of these 3 different assemblies led to a fragmented genome of 0.6 Gb, composed of a little more than 636 000 contigs with a N50 contig size of 1339 bases. This represents approximatively 55% of the estimated genome of the tree swallow (Doyon et al., unpublished data) .
The alignment of the 9 AvBD sequences with the fragmented genome was performed with BLAST 2.2.26+ (Calcul Québec).
Five sequences of the AvBD genes were located: AvBD4, AvBD7, AvBD8, AvBD12, and AvBD13. Only partial sequences or no match were found for AvBD2, AvBD9, AvBD10, and AvBD11; hence we did not include these genes in the primer design process. Primers were designed using Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Parameters were set to obtain the same PCR reaction for the 5 primer pairs. Primer specificity to tree swallow was verified by comparing with known bird sequences (Gallus gallus, taxid 9031; Ficedula albicollis, taxid 59894, and Taeniopygia guttata, taxid 59729).
Genetic Analyses
We obtained SNP data from the 5 new pairs of primers specific to tree swallow (Supplementary Table S1 ) and from one pair of primers for AvBD2 from Hellgren and Sheldon (2011) . This last pair of primers could be used on tree swallow individuals as the length of the obtained sequences was sufficient for SNP detection (both forward and reverse sequences covered the third exon). We amplified sequences on a GeneAmp PCR 9700 thermocycler (Applied Biosystems). Amplification of AvBD2 was carried out following the PCR reaction as described by Hellgren and Sheldon (2011) . For the 5 AvBD genes specific to tree swallows, amplification using the 5 new primers was carried out in 25-µL reactions, using a unique PCR reaction (Supplementary Tables S2 and S3 ). We used 2.5% agarose gels to visualize the quality of amplifications.
We sent PCR products to the Plateforme de séquençage et de génotypage des génomes of the Centre de recherche du CHUL (CHUQ, Québec, Canada) for sequencing on an ABI 3730xl sequencer (Applied Biosystems). Each gene was sequenced in both forward and reverse directions (see Table 1 for sample size at each locus). To confirm that we had sequenced AvBD genes, sequences were aligned against known β-defensin sequences from passerines species (blue tit, Cyanistes caeruleus, and house sparrow, Passer domesticus) from Hellgren and Sheldon (2011) using Mega 5.2 (Tamura et al. 2013) . Sequences were trimmed to the size published by Hellgren (2015) , and primers, as well as nucleotides after the stop codon, were removed for further comparisons. We visually inspected chromatograms of each gene for each individual to detect double peaks that would indicate allelic variation in the form of SNPs. We translated amino acid sequences using BioEdit (Hall 1999) to assess whether SNPs were synonymous or nonsynonymous. We determined alleles for each gene separately by deducing unique allele variants with homozygous individuals. Heterozygous alleles differing by more than 1 SNP were identified by subtracting the most common or second most common allele in the dataset as described by Hellgren (2015) . We conducted Hardy-Weinberg tests for each gene using the software GENEPOP 4.4 (Rousset 2008 ). We performed signal of selection (Tajima's D) for each gene using the software DnaSP version 5 (Librado and Rozas 2009).
Spatial Distribution of Genetic Variation
We randomly assigned individuals captured both in 2013 and 2014 (N = 26) to a single year and sampled them only once. We conducted an analysis of molecular variance (AMOVA) using Arlequin 3.5 (Excoffier and Lischer 2010) to assess the level of differentiation between years. The AMOVA test revealed no genetic differentiation between 2013 and 2014 (Supplementary Table S4 ). We conducted a second AMOVA to assess the level of differentiation of each gene among agricultural intensification habitats (intensive or nonintensive) and farms (10 levels). For each gene, we tested whetherthe proportions of genotypes found in intensive farmlands were significantly different from those found in nonintensive farmlands using a chi-squared test that including all genotypes for a given gene.
We assessed the presence of spatial autocorrelation in allele-frequency distributions at each gene using GenAlEx 6.5 (Peakall and Smouse 2012) . Autocorrelation coefficients (r) were computed for 10 distance classes of 10 km each to cover the minimum and maximum distances between 2 farms (min: 2.7 km; max: 92.8 km; mean [SD]: 41.2 [22.7] km). Five datasets were tested: females only, males only, 2013 only, 2014 only, and all individuals together. We obtained 2-tailed 95% confidence intervals based on 999 permutations.
We conducted generalized linear models (GLMs) with a binomial error distribution and logit link function to assess how agricultural intensification affected heterozygosity. Heterozygosity was treated as binomial (homozygote: 0, heterozygote: 1) for each genotype, and a model was run for each gene separately. Type of agricultural intensification was defined as a categorical variable: intensive or nonintensive. We repeated these same analyses and restricted them to nonsynonymous SNPs, and resulting alleles and genotypes, because we expected selective pressures to be stronger on alleles that produce peptides with potentially different antimicrobial efficiency.
We computed an estimate of individual genetic diversity by combining the 6 β-defensin genes and calculating multi-locus heterozygosity (MLH), which represents the proportion of heterozygous loci for each individual (Bancroft et al. 1995) . MLH did not follow a normal distribution for both datasets (i.e., synonymous and nonsynonymous SNPs and nonsynonymous SNPs only). Therefore, we conducted a nonparametric Wilcoxon test to assess for differences in MLH between intensive and nonintensive farmlands. All analyses were performed using R version 3.1.2 (R Development Core Team 2014).
Results
Genetic Variation and Selection
All sequences showed the β-defensin motifs after being translated into amino-acids (i.e., X n -C-X 4-6 -C-X 3-5 -C-X 9-10 -C-X 5-6 -CC-X n , van Dijk et al. 2008 ). The 6 investigated AvBD genes featured allelic variation, with 6-18 different alleles per gene (Table 1 ). All genes had alleles with nonsynonymous substitutions, and thus potential, functionally different peptides (Table 1) . None of the overall allele frequencies at any gene deviated from Hardy-Weinberg equilibrium after performing Bonferroni correction for multiple comparisons (Table 2 ). All genes showed negative Tajima's D values, but all of them were nonsignificant (Table 2) .
Genetic Variation Distribution
The AMOVA analyses showed no genetic differentiation between intensive and nonintensive farmlands (Table 3 ). The only tendency for a genetic differentiation among farms was found at the AvBD8 gene, for which 1.77% of the genetic variance was explained by farm identity. However, this difference became nonsignificant after Bonferroni correction for multiple comparisons. Spatial autocorrelation analyses revealed no spatial structure in allele distributions (Figure 2 , and Supplementary Figure S1) , except for some genes, for which results depended on the dataset used (all data, females, males or 2013, 2014). However, the significance of r coefficients became nonsignificant after Bonferroni corrections.
When comparing the proportions of genotypes for a given gene between intensive and nonintensive farmlands (Supplementary Figure S2 ) using a chi-squared test, none of the 6 genes showed differences in distribution (results not shown).
The proportion of heterozygote individuals did not differ between intensive and nonintensive farmlands when using synonymous and nonsynonymous SNPs, as well as nonsynonymous SNPs only (Supplementary Table S5 ). An exception was found for the AvBD4 gene, which showed significant differences between intensive and nonintensive farmlands using both synonymous and nonsynonymous SNPs, however, this result became nonsignificant after Bonferroni correction for multiple comparisons. Individual MLH was not related to agricultural intensification in either the dataset including synonymous and nonsynonymous SNPs (Wilcoxon test = 3175, P = 0.95) or the dataset including only nonsynonymous SNPs (Wilcoxon test = 3074, P = 0.67).
Discussion
In this study, we investigated intra-specific variability at β-defensin genes and its spatial distribution in a declining population of tree Table 2 . Statistics of nuclear diversity of the peptide coding of 6 β-defensin genes in a population of breeding tree swallows in southern Québec in 2013 and 2014 Numbers in parenthesis correspond to the length of the sequences in base pairs (bp). H-W corresponds to P-values obtained when assessing deviation from Hardy-Weinberg equilibrium. Fis statistics obtained according to Weir and Cockerham (1984) as implemented in GENEPOP. Tajima's D were calculated using DnaSP v5, none of them were significant. Table 3 . AMOVA analyses assessing the levels of differentiation of each β-defensin gene between intensive and nonintensive farmlands (as group levels) and among farms (as population levels) in a population of tree swallows breeding in southern Québec in 2013 and 2014
Genes
Degrees of freedom Bonferroni correction corresponds to α = 0.008.
swallows. Five out of the 9 possible primers of avian β-defensin genes were successfully adapted to tree swallows, and 1 primer was used without modification as described by Hellgren and Sheldon (2011) . We found that the 6 investigated loci had between 4 and 9 nonsynonymous alleles, which meant that different forms of mature β-defensin peptides could result from those alleles in tree swallows. Furthermore and contrary to our prediction, we found no differences in spatial genetic structure at β-defensin genes between 2 vast regions under contrasting levels of agricultural intensification.
β-defensin Genes Variability
As mentioned by Hellgren (2015) , the short size of the mature peptide and the few substitutions across the exon reduce our capacity to detect potential selection acting on these genes. Interestingly, the strongest signal for balancing selection was found for AvBD2 and AvBD7 (Tajima's D values > 1) in great tits (Hellgren 2015) , whereas in this study, AvBD2 and 7 showed the highest negative Tajima's D values, although not significant. While this trend could suggest a negative selective pressure at β -defensin genes in tree swallows, more investigations are needed to reach clearer conclusions. For example, it would be interesting to compare this measure of selection with patterns obtained on neutral regions and to determine the nucleotides shared by the 2 species to assess the presence of a difference in selective pressures between great tits and tree swallows. A study on several waterfowl species used those methods and found purifying selection for several AvBD genes (Chapman et al. 2016 ).
While it is tempting to compare the number of alleles present in tree swallows with those reported in great tits by Hellgren (2015) , one has to be cautious with such comparisons when allele numbers are based on different sample sizes (Gilroy et al. 2016) . For example, the relationship between allele discovery and the number of sequenced individuals is not linear, but rather asymptotic, as rare alleles may require a lot more individuals to be detected. When applying a rarefaction curve approach to estimate the number of alleles discovered had we only sampled 40 individuals, as sampled by Hellgren (2015) , we found that the number of nonsynonymous SNPs was approximately the same between the 2 species (Supplementary  Table S6 ). Obviously, this is a very crude comparison, and these species undoubtedly differ due to several other ecological/speciesspecific differences. When comparing the SNPs we obtained for tree swallows to those obtained by Hellgren (2015) for great tits, we found 3 nonsynonymous SNPs in common when comparing sequences of the 4 β-defensin genes shared between the 2 species (Supplementary Table S6 ). Hellgren (2015) showed that allelic variation caused by nonsynonymous SNPs lead to changes in the net-charge and hydrophilicity of the produced peptide, which can impact the killing efficiency or the growth inhibition of pathogens. This suggests that the similar nonsynonymous SNPs found in tree swallows may also have an impact on peptide properties and killing efficiency. In addition, the nonsynonymous SNP shared by the 2 species in the AvBD7 gene had the same position but not the same nucleobase. Interestingly, this nonsynonymous SNP in great tits produces β-defensin peptides with different properties in vitro , and this possibility would be interesting to be investigated in tree swallows.
Spatial Genetic Structure at β-Defensins
We assessed the spatial distribution of β-defensin alleles and the potential link between agricultural intensification and their distribution. Previous studies on our swallow population have shown a negative association between intensive farmlands and fitness-related traits, such as fledging success (Ghilain and Bélisle 2008; Porlier et al. 2009 ). Immune responses were also shown to be affected by agricultural intensification, and researchers have hypothesized that those differences could be due to genetic effects (Pigeon et al. 2013; Schmitt et al. 2016) . Two other landscape genetic studies of this population found a nonrandom distribution across the agricultural gradient for both neutral and functional genetic markers. First, Porlier et al. (2009) found that individuals with higher internal relatedness, based on neutral microsatellites, were more likely to be found in nonintensively cultivated landscapes. Second, Bourret and Garant (2015) observed a longitudinal cline for a gene involved in the timing of reproduction (NPAS2) in females. Hence, we expected that at least some of the 6 investigated β-defensin genes would show a nonrandom spatial distribution. Contrary to our expectation, we found no pattern of spatial genetic structure, and neither heterozygosity nor MLH were related to agricultural intensification. Despite a lack of association between variation at β-defensin genes and an environmental factor, it is possible that agricultural intensification plays a role in the relationship between genetic effects and fitness-related traits. For instance, there are differences in morphological and reproductive traits depending on the level of agricultural intensification in tree swallows (Lessard et al. 2014) , and it is possible that the effects of the variation at β-defensin genes on those traits, if they exist, vary with agricultural intensification. Those potential relationships would explain why we did not observe an effect of agricultural intensification on the distribution of β -defensin genes. Such relationships have already been shown for the adaptive immune MHC genes in wild birds (e.g., Loiseau et al. 2011; Radwan et al. 2012 ) and remain to be tested in tree swallows.
Conclusion
Interest in β defensin genes has increased over the past few years. Our study represents one of the rare investigations of the amount of intraspecific variability at β defensin genes and how this variability is distributed in a wild bird population. More studies will be required to explain how this variability is maintained. Understanding how variations at β -defensin genes are related to fitness-related traits will provide key insights on the evolutionary dynamics of β -defensin genes. Studies focusing on the effect of nonsynonymous SNPs on pathogen susceptibility and immune responses should bring insights on the maintenance of variations at β -defensin genes and its consequence on wild populations.
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